Genomic integrity often is compromised in tumor cells, as illustrated by genetic alterations leading to loss of heterozygosity (LOH). One mechanism of LOH is mitotic crossover recombination between homologous chromosomes, potentially initiated by a double-strand break (DSB). To examine LOH associated with DSBinduced interhomolog recombination, we analyzed recombination events using a reporter in mouse embryonic stem cells derived from F1 hybrid embryos. In this study, we were able to identify LOH events although they occur only rarely in wild-type cells (≤2.5%). The low frequency of LOH during interhomolog recombination suggests that crossing over is rare in wild-type cells. Candidate factors that may suppress crossovers include the RecQ helicase deficient in Bloom syndrome cells (BLM), which is part of a complex that dissolves recombination intermediates. We analyzed interhomolog recombination in BLM-deficient cells and found that, although interhomolog recombination is slightly decreased in the absence of BLM, LOH is increased by fivefold or more, implying significantly increased interhomolog crossing over. These events frequently are associated with a second homologous recombination event, which may be related to the mitotic bivalent structure and/or the cell-cycle stage at which the initiating DSB occurs.
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double-strand break repair | gene conversion L oss of heterozygosity (LOH) is a major mechanism for uncovering mutations in tumor-suppressor genes. Examination of tumor cells and model studies in cell lines have established several mechanisms of LOH, including chromosome loss/duplication (uniparental disomy), mitotic recombination between homologous chromosomes, and gross chromosomal rearrangement as a result of genome-wide chromosomal instability (1) (2) (3) (4) . LOH caused by homologous recombination (HR) can arise from crossing over between homologous chromosomes, followed by segregation of crossover (CO) chromatids to separate daughter cells (CO-LOH). In this way, the entire chromosome arm distal to the point of crossing over is homozygozed for genetic information. This process contrasts with interhomolog noncrossover (NCO) events during which gene conversion gives rise to only small regions of LOH (5) . Chromosomal double-strand breaks (DSBs) may be initiating lesions for CO-LOH, because they induce interhomolog crossing over in meiotic cells (reviewed in ref. 6 ). Although DSB-induced crossing over is clearly necessary during the specialized first meiotic division (6) , a role for interhomolog crossing over in mitotic cells is uncertain.
DSBs induce mitotic interhomolog HR in mammalian cells (7) , but CO-LOH occurs infrequently during DSB repair (5, 8) , suggesting that factors actively suppress crossing over. Candidate factors include the RecQ helicase deficient in cells from Bloom syndrome patients (BLM) (9) . Consistent with this notion, levels of spontaneous intersister COs, i.e., sister-chromatid exchanges, are elevated in both human and mouse BLM-deficient cells (10, 11) , as is the frequency of spontaneous LOH (9, (11) (12) (13) . CO suppression is supported biochemically because BLM, together with TOPIIIα and RMI1, migrates Holliday junctions to promote their dissolution (14) . Genetic evidence in both yeast and Drosophila support a role for the respective BLM homologs (Sgs1 and MUS309, respectively) in suppressing interhomolog COs at DNA lesions (15) (16) (17) . A recent study in human cells is consistent with a similar role of mammalian Blm, although crossing over could not be distinguished from other repair pathways (18) .
To determine mechanisms that promote LOH from interhomolog HR, we induced a DSB in one homolog of chromosome 14 in a mouse embryonic stem (ES) cell line derived from F1 hybrid embryos. Using polymorphisms along the chromosome to screen for LOH, we found that a DSB can induce LOH, although rarely, in wild-type cells (≤2.5% of interhomolog HR events). Overall rates of interhomolog HR are not increased in BLMdeficient cells; however, we found that rates of LOH are substantially elevated with BLM deficiency. Molecular analysis of LOH events demonstrates they are best explained by an interhomolog CO mechanism (CO-LOH) and that a large majority of such CO-LOH events are associated with a second HR event, an NCO on the other chromatid. We discuss our findings in relation to the mitotic bivalent structure and the cell-cycle stage of DSB formation associated with interhomolog COs.
Results
S/P Reporter Measures Interhomolog Recombination. To examine LOH arising from DSB-induced mitotic recombination, we used the previously described S/P reporter system (Fig. 1A) (5) . This system takes advantage of an ES cell line derived from F1 hybrid mouse embryos in which one parental set of chromosomes is from the 129/Sv (129) strain (the S allele), and the other is from the BALB/c (Balb) strain (the P allele). Two nonfunctional neo genes were sequentially targeted at the same allelic position of both chromosome 14 homologs in this cell line (Fig. 1A and Fig.  S1 ). S2neo, which contains an I-SceI endonuclease site disrupting the neo gene, was targeted to the 129-derived copy of chromosome 14 (S allele), and Pneo, which contains a disrupting PacI restriction site insertion in the 5′ end of the gene, was targeted to the Balb-derived chromosome 14 (P allele). S2neo contains a wild-type neo sequence at the position of the PacI site in Pneo (in this case, an EagI site), and Pneo contains a wild-type sequence at the position of the I-SceI site in S2neo (in this case, an NcoI site). With I-SceI expression in the S/P cells, a DSB generated in the S allele can be repaired by several mechanisms, but only interhomolog recombination with the P allele-either an NCO or CO event-gives rise to neo + recombinants (Fig. 1A and Fig. 2 ). Examining a limited number of recombinants, we previously found that neo + recombinants are NCOs in which the ISceI site in S2neo is converted to the NcoI site of Pneo without exchange of flanking markers, thus restricting LOH to the region around the DSB (5; Fig. 2A ).
LOH of Distal Markers Is Infrequent Among Interhomolog Recombination
Events in Wild-Type Cells. Based on the S/P reporter design, neo + colonies arising from a simple CO at S/G2 with segregation of recombinant chromatids (Fig. 2B) would be expected to have homozygozed the chromosome region distal to the DSB to that of the 129 chromosome (LOH 129 ). A break-induced replication (BIR) mechanism as described in yeast has the potential to give rise to LOH 129 , although it is rare in wild-type yeast cells compared with COs (19) and would require replication through the centromere, which impedes BIR (20) . We performed a large-scale screen of DSB-induced recombination events specifically to uncover events leading to LOH of distal markers. The I-SceI expression vector was transfected into S/P cells, which were then plated and selected to obtain neo + recombinant colonies. In total, 898 neo + recombinant 15 (TG) 37 (TG) 22 (TG) 17 20.5
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Parental S/P cell line restriction site polymorphisms: H (21) *Corrected for survival after electroporation; average ± SEM, n = 3. † As inferred from a screen for LOH at the distal D14Mit95 marker and heterozygosity at proximal markers.129, CO-LOH 129 ; B6, CO-LOH B6 . ‡ Previously determined (5) . § The 736 clones analyzed in this study plus 162 clones previously analyzed (5). ¶ Corrected for survival after electroporation and clonogenic survival. For -doxycycline vs. + doxycycline, P = 0.03 with paired Student's t test. **CO-LOH determined by analysis of random clone analysis from trypsinized neo + colonies rather than by direct analysis of neo + colonies.
colonies were then screened for LOH of the D14Mit95 marker, a distal TG-repeat polymorphism 36.8 megabase pairs (Mb) from the DSB (Fig. 1 C and D and Fig. S2A ). From this analysis, 12 recombinant colonies exhibited LOH, having only the 129 allele at this polymorphism (1.3%; Table 1 ). In contrast, all 12 maintained heterozygosity for the centromeric D14Mit47 marker (Fig. 1D ). These clones are best explained by crossing over, with chromatid segregation giving rise to a clone with LOH of distal markers ( Fig.  2B and below). Centromeric heterozygosity also was confirmed by cytogenetics, because the amount of heterochromatin for chromosome 14 differs in the two strains (see, e.g., Fig. 3 ). In a simple CO, the Balb/129 exchange chromatid containing the neo + gene segregates with the nonexchange 129 chromatid containing an intact S2neo gene (Fig. 2B) . PCR across the DSB site would give two products, one cleaved by NcoI and the other by I-SceI (Fig. 2B) ; these products were found in one such clone. In this clone, all markers distal to the DSB had undergone LOH, and all markers centromeric to the DSB maintained heterozygosity; i.e., the closest distal polymorphism (PacI/EagI, 530 bp from the DSB) had undergone LOH to the EagI site found on the 129 allele, whereas the closest centromeric polymorphism (HindIII +/− , 340 bp from the DSB), maintained heterozygosity ( Fig. 1 A and B and Fig. 2B ).
The remaining 11 clones were more complex, in that the I-SceI site on the other 129 chromatid also was converted to an NcoI site, suggestive of a CO involving one 129 chromatid and an NCO on the other (CO/NCO; Fig. 3 ). From additional analysis of eight clones using allele-specific PCR to determine linkage of poly- morphisms (Fig. 1B) , these CO/NCO clones could be divided into several classes according to the extent of gene conversion on each chromatid beyond the DSB site (Fig. 4) . In two clones, both chromatids converted only the DSB site (CO/NCO; Fig. 3 ). In two others, the NCO chromatid additionally converted the HindIII polymorphism (CO/NCO-H; Fig. S3 ), and one other clone converted the PacI polymorphism (CO/NCO-P; Fig. S3 ), as determined by allele-specific PCR (Fig. 1B) . In three clones, the CO chromatid converted the HindIII polymorphism (CO-H/ NCO; Fig. S4 ), with conversion (or the point of crossing over) extending at least 6 kb, and in one clone at least 5.6 Mb, beyond the HindIII site. A summary is provided in Fig. S5 .
LOH of Distal Markers Is Increased in BLM-Deficient Cells. To examine the role of BLM in interhomolog recombination and CO-LOH, the S/P reporter was introduced into a mouse ES cell line in which BLM expression can be turned off by doxycycline (13) . In these Blm tet/tet cells, derived from C57BL/6 × 129/Sv F1 (129/B6) embryos, the S2neo gene was targeted to the 129-derived chromosome 14, and the Pneo gene was targeted to the B6-derived chromosome 14 (Fig. S1 ). We found a 2.6-fold decrease in the overall rate of interhomolog recombination with loss of BLM ( Table 1 ). There was no indication that the lower HR frequency is caused by reduced cleavage of the I-SceI site (Fig. S6) , because the frequency of imprecise nonhomologous end-joining (NHEJ) was similar with or without BLM expression. Thus, loss of BLM does not result in a hyper-recombination phenotype for DSB-induced HR, consistent with previous results using a direct-repeat HR substrate (21) .
To identify LOH, 314 neo + recombinant colonies obtained in the absence of doxycycline (BLM-proficient) were examined; only eight exhibited LOH of the D14Mit95 marker, all to 129 (2.5% LOH 129 ; Table 1 and Fig. S5 ). By contrast, of 310 neo + recombinant colonies obtained in the presence of doxycycline (BLM-deficient), 40 exhibited LOH of this distal marker, all to 129 (12.9% LOH 129 ). Thus, BLM deficiency leads to a five-to 10-fold increase in clones with LOH from interhomolog HR.
We further analyzed several additional polymorphisms along the length of the chromosome, including five centromeric to the DSB and three distal to the DSB (Fig. 1D and Table S1 ). SNPs were analyzed by PCR amplification and DNA sequencing (Fig.  S2B) . In all clones exhibiting LOH of the D14Mit95 marker, homozygosity to the 129 chromosome was observed for all distal markers, and heterozygosity was maintained for all centromeric markers, consistent with BLM suppression of CO-LOH during DSB-induced interhomolog recombination.
Two of these CO-LOH 129 clones were consistent with a simple CO, maintaining the I-SceI site on the nonexchange chromatid (Fig. 4) . The remaining clones converted the I-SceI site on the nonexchange chromatid, indicating an NCO event (Fig. 5A) . As with the CO/NCO clones from the wild-type S/P cell line, clones could be placed in several classes, depending on the extent of gene conversion (or point of crossing over) on each chromatid. Among the large number of CO-LOH 129 clones obtained with doxycycline treatment, a new class was detected in which gene conversion during crossing over extended to the PacI site; consequently, the NCO chromosome contained the neo + gene (CO/P-NCO; Fig. 4 and Fig. S4) . Thus, the frequent conversion of both chromatids permitted the detection of CO events that were nonproductive for restoring neo gene function.
Detection of the Reciprocal CO Product. The identification of the new CO-P/NCO class suggested that neo + genes potentially could arise on either CO chromatid (Fig. 5 A and B) . Segregation of the reciprocal CO products away from each other then could result in a daughter cell containing a neo -gene with CO-LOH 129 and the other daughter cell containing a neo + gene with CO-LOH B6 ( Fig.  5B and Fig. S4D ). An associated NCO in the daughter cell with CO-LOH 129 would mask CO-LOH B6 , so that the resultant colony would therefore appear to be heterozygous at the D14Mit95 marker. Attempting to uncover these events, we performed random clone analysis of recombinants from BLM-deficient cells, such that a pool of neo + colonies was trypsinized and replated before clone analysis. From a total of 128 random neo + clones, 22 CO-LOH 129 and 21 CO-LOH B6 clones were obtained (17.2% and 16.4%, respectively, or 33.6% total). Thus, the reciprocal CO-LOH B6 product was readily obtained. To estimate how often both daughter cells contained a neo + gene (as in Fig. 5B ), 39 individual neo + colonies from BLMdeficient cells were trypsinized, and subclones of these individual neo + colonies were analyzed for LOH. Nine of the 39 colonies gave rise to subclones with LOH: six with only CO-LOH 129 , two with only CO-LOH B6 , and one with both CO-LOH 129 and CO-LOH
B6
. Thus, most COs give rise to LOH events in which only one daughter cell would be scored by neo + selection. The structure of the one CO-LOH 129 /CO-LOH B6 colony allowed us to follow the outcome of all four chromatids of a mammalian mitotic bivalent (Fig. S7) .
A Second HR Event Is Associated More Often with COs than with
NCOs. The frequent occurrence of CO-LOH 129 and NCO events in the same neo + clone (CO/NCO) in both wild-type and BLMdeficient cells could result from the frequent cleavage of both chromatids during I-SceI expression; alternatively, the two events could be linked mechanistically. To test these possibilities, we titrated the transfected I-SceI expression vector to levels that reduced interhomolog recombination 10-fold but allowed a significant number of neo + colonies for molecular analysis. Reduced I-SceI expression had no effect on the fraction of CO/ NCO clones ( standard I-SceI expression) despite the dramatically reduced overall level of recombination.
These results raised the possibility that the CO and NCO events are linked mechanistically, but they still could reflect frequent cleavage of both chromatids. To address this possibility, we next asked whether two NCO events also frequently cooccurred in the same colony. Unlike CO/NCO events in which the two neo + chromatids segregate to the same daughter cell (Fig. 5A) , neo + NCO events on both 129 chromatids will segregate to different daughter cells (Fig. 5C) (Fig. S8) . With allele-specific PCR, 15% of all neo + colonies derived from reduced I-SceI expression were determined to arise from two NCO events. The remaining colonies arose either from one NCO or from two NCOs that were identical at the HindIII polymorphism (HindIII + or HindIII − ) on the 129 chromatid. Given that the HindIII site is converted in roughly half of NCOs [40/83 (48%) with doxycycline and 17/33 (51%) without doxycycline, P = 0.84; random clone analysis], colonies arising from two identical NCOs are expected to be similar in number to those arising from two different NCOs (15%). Thus, the fraction of neo + colonies with two NCOs is estimated to be 30% (from 462 total colonies analyzed), significantly lower than the fraction of CO/NCO events (31/f 33 CO-LOH 129 clones, 94%; P < 0.0001). These results support an association between crossing over and a second HR event.
Discussion
Although the cellular hallmark of BLM-deficient cells is a high level of sister-chromatid exchange, the likelihood of crossing over at a defined DNA lesion had not been examined previously in these cells. Here we demonstrate that BLM deficiency leads to a substantial increase in the efficiency of LOH of distal markers, presumably resulting from crossing over between homologs. The overall frequency of interhomolog recombination was not increased by BLM deficiency, indicating that BLM does not suppress recombination per se; rather, it promotes resolution of recombination intermediates into NCOs. The RecQ helicase in budding yeast, Sgs1, has been shown to have a similar role during interchromosomal recombination (15) .
The preponderance of NCOs in mitotically dividing cells has led to strong support for the dominance of the synthesis-dependent strand-annealing (SDSA) pathway for DSB repair (15) . DSB repair through a double Holliday-junction intermediate therefore is considered to be a minor pathway, giving rise to infrequent COs. An alternative to the SDSA pathway for NCO formation is dissolution of double Holliday junctions (15) . Biochemical studies have demonstrated that BLM in a complex that includes TOPOIIIα and RMI1 dissolves double Holliday junctions (14, 22, 23) , and genetic studies provide evidence for a similar role for Sgs1 in yeast (24) . In BLM-deficient cells, we observed that a substantial portion of clones had undergone LOH, suggesting that double Holliday-junction intermediates may form more frequently than expected during HR in mammalian cells but are dissolved by BLM.
In addition to dissolution of double Holliday junctions, BLM has other biochemical activities that can affect HR, although it is less clear how these activities would affect crossing over specifically. For example, BLM has been implicated in promoting end resection (25) , similar to the Sgs1 ortholog in yeast (26) , and in disrupting both D-loops and Rad51 nucleoprotein filaments (27, 28) . BLM activity in end resection could account for the small overall reduction of HR in BLM-deficient cells (Table 1) (21), but reduced resection activity is not expected to promote crossing over specifically, because short resected ends are less likely to form the stable D-loop intermediates that give rise to COs (29, 30) . The end resection activity of Sgs1 has been implicated in suppressing a specialized form of HR, namely, BIR (31, 32) . Although we cannot rule out with certainty that BIR contributes to some of the LOH events, BIR giving rise to LOH 129 would require synthesis through the centromere, which appears to impede BIR in yeast (Fig. S4E) (20) . A role for BLM in the disruption of D-loops and/or Rad51 filaments is more plausible than end resection in suppressing LOH but would require BLM's having a more profound effect on disrupting stable D-loop intermediates destined for crossing over or long Rad51 nucleoprotein filaments that are more likely to be converted to those intermediates.
In wild-type mouse cells, we infer that COs comprise a few percent of recombination events. A previous study examining DSB-induced interhomolog recombination events in wild-type human lymphoblastoid cells reported that COs comprised a somewhat greater fraction of recombinants than we observed, although it is probable that all interhomolog NCOs could not be scored, given the requirement for coconversion of markers (8) . An NCO bias also is observed for meiotic interhomolog recombination, but this bias is less pronounced since COs are estimated to comprise ∼10% of events (see ref. 30 and references therein).
In wild-type and BLM-deficient cells, we observed that the vast majority of CO clones contained an NCO on the other allele. COs in wild-type human cells similarly were found to be associated with NCOs (8) . These results raise two questions: Why are COs frequently associated with a second DSB repair event, and why does this second event occur exclusively by HR? Given the overall low frequency of interhomolog recombination, the frequent association of crossing over with an HR event on the other chromatid could reflect frequent I-SceI cleavage of nearby sister chromatids in S/G2 followed by HR repair. Consistent with frequent cleavage of both sisters, our analysis also uncovered colonies that had undergone two NCOs. However, it is notable that colonies with two NCOs are estimated to comprise a significantly lower fraction of total colonies with NCOs (30%) than CO/NCOs comprise of total CO-LOH 129 colonies (94%). One explanation for CO/NCO events is that if two DSBs arise by I-SceI cleavage, a CO at one DSB is more likely than an NCO to promote an HR event at the second chromatid. Related to this notion, we never observed a CO associated with an NHEJ event. This absence is remarkable, because NHEJ is active throughout the cell cycle (33) and is orders of magnitude more frequent than interhomolog HR (Fig. S6) , suggesting that NHEJ either is precluded from accessing DNA ends on the other chromatid and/or that HR is specifically promoted. The structure of a mitotic bivalent may influence repair of the second DSB (Fig. 5D ): CO-LOH events occur in S/G2 when sister chromatids are present, so a CO can lead to a bivalent with all four chromatids held together until cohesion is released, akin to a meiotic bivalent (34) . In this configuration, a DSB at the other I-SceI site has three chromatids (i.e., the chromatid from the homolog and the two recombinant chromatids) as potential repair templates in close proximity. Although we cannot definitively identify the repair template for the associated NCOs, at least a portion of events (e.g., CO/NCO-P+H) is explained best by interhomolog HR, consistent with the homolog's being held in close proximity. Thus, as long as a mitotic bivalent structure formed by crossing over is maintained by sister chromatid cohesion, the proximity of chromatids could promote repair of a second DSB via HR. By contrast, interhomolog NCOs would maintain proximity only during the NCO event itself.
An alternative or additional explanation for a preponderance of COs associated with a second HR event is that, rather than arising from two DSBs in S/G2, COs arise from a single DSB that is converted to two DSBs upon DNA replication. This single DSB could form in G1, which in mouse ES cells may be especially likely to persist into S phase because of the lack of a robust G1/S checkpoint (35) . A single DSB in S phase in an unreplicated portion of the chromosome is also possible. In either case, replication would give rise to two broken sister chromatids, so that intersister HR would be precluded, increasing the likelihood of interhomolog HR. Strong evidence has been provided in yeast that mitotic COs arise from a DSB on an unreplicated chromosome (36) (37) (38) . Additionally, the involvement of three or four chromatids in a joint molecule could by itself promote crossing over, because joint molecules are increased in the absence of Sgs1 during meiosis (39) . Alternatively, DNA ends created by replication may be more prone to crossing over; for example, ends formed by lagging strand synthesis have 3′ overhangs which promote HR. Further, merging these two possibilities, lagging strand ends from two chromatids could promote multichromatid interactions to promote crossing over.
Materials and Methods
For detailed materials and methods, please see SI Materials and Methods.
Wild-type S/P cells (5) and Blm tet/tet ES cells (13) containing the S2neo gene (21) were described previously. To suppress BLM expression in Blm tet/tet cells, doxycycline was added to the medium at a final concentration of 1 μg/mL 48 h before transfection and was removed 24 h after transfection. For HR assays, 1.3 × 10 7 ES cells in 0.65 mL PBS or OPTI-MEM were electroporated (250 V, 950 μF) with 25 or 5 μg of either the I-SceI expression plasmid (pCBASce) or the empty vector (pCAGGS) and divided into five 10-cm plates. At 24 h, one plate was trypsinized and counted to determine the number of cells that survived electroporation. G418 (Gibco) was added to the rest of the plates at 200 μg/mL for 9-12 d. Interhomolog recombination frequencies were determined by dividing the number of G418-resistant colonies by the number of cells that survived electroporation. For Blm tet/tet ES cells, we also accounted for a 1.4-fold decrease in colony formation when BLM was suppressed. For molecular analysis, neo + colonies were expanded in 96-well plates and then were replica plated.
